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Abstract 
 
Advances in the field of microelectronics have contributed to component miniaturization and 
therefore have augmented the power densities, resulting in thermal management concerns. High 
power densities generate an excess amount of heat, which leads to increases in device operating 
temperature, reduced performance and surges in hardware failure. Traditionally, heat sinks have 
been used to conduct excess amount of generated heat away and keep the component’s temperature 
to below the critical level in order to prevent the device from permanent damage. In particular, 
they are often sensitive to thermal cracking and are of limited utility in small and thin packages 
[1]. Due to this challenge, discovering new multifunctional materials with outstanding thermal 
conductivity is becoming more important. 
Thermally conductive polymer composites can be considered as new alternatives to electronic 
packaging materials, which are usually based on epoxy. Higher thermal conductivity can usually 
be obtained by adding larger amounts of filler. However, the addition of filler compromises low 
density, good processibility, flexibility and, in some cases, electrical insulating properties of 
polymer-based materials. Therefore, it is important to find a way to achieve high thermal 
conductivity by adding less filler. In this context, this thesis research aims to develop new, 
conformable thermally conductive polymer composites. Thermoplastic polyurethane (TPU)-
hexagonal boron nitride (hBN) composites fabricated by batch foaming were studied as a case 
example. In particular, foaming has been proposed in this thesis as a potential route to induce filler 
alignment along the cell wall, and thereby to establish a thermally conductive network in the 
material system. However, there is a critical level of cell expansion to perfectly align the fillers 
around the expanded cells. Further expansion would break the thermally conductive network and 
decrease TPU foam's thermal conductivity (keff). Therefore, an understanding of foam morphology 
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is critical to the rational design of improved thermally conductive TPU foams. First of all, a 
comprehensive experimental study was conducted to identify the foaming behaviors of TPU foams 
in order to identify appropriate processing windows that would offer flexibility to develop 
multifunctional TPU composite and nanocomposite foams. TPU foams were fabricated by batch 
foaming and characterized. The effect of the foaming process (i.e. saturation temperature and 
saturation pressure) on pore structure (i.e. cell size and cell population density) was investigated. 
The results of this research demonstrated that by CO2 foaming it was possible to produce TPU 
foams at relatively low temperatures (60°C). The results indicated that the cell size and cell density 
range are significantly wider at lower saturation pressures to varying foaming temperatures. While 
TPU foams usually yield extremely high cell population density and small cell size, by applying 
the appropriate foaming conditions, we prepared foams with a wide range of cell sizes, from 21 to 
170 µm, and cell population density from 105 to 108 pore/cm3. Secondly, these conditions have 
been used to investigate the foaming-assisted filler alignment in TPU composite and 
nanocomposite foams for tailoring the thermal conductivity. Foamed samples at lower saturation 
temperatures (i.e. 20 and 40°C) yielded higher thermal conductivity than solid counterparts.  
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1 Chapter 1 
 
1.1    Introduction 
There has been a long-standing interest in discovering new multifunctional materials with 
outstanding thermal conductivity and electrical insulation for electronic packaging. Metals with 
high ordered arrangements of crystals have high thermal conductivity. The major drawback of this 
type of material is that it is both heavy and expensive. Moreover, it has low electrical resistivity. 
Among ceramics, some materials possess high thermal conductivity and transfer heat very well 
(e.g. aluminum nitride), while others possess low thermal conductivity and transfer less heat (e.g. 
zirconia).  One of the main disadvantages of ceramics is that they cannot be shaped easily. 
Polymers have been widely used due to properties that have made them attractive for different 
applications, namely being inexpensive to manufacture, corrosive resistant and lightweight. 
However, their low thermal conductivity, poor mechanical properties and low electrical 
conductivity have remained substantial challenges in emerging sectors such as electronics, energy 
and aerospace. In most applications, some of the polymer properties should be fixed. For example, 
for heat sink applications, polymer composites have to have high thermally conductivity but low 
electrical conductivity, whereas, for energy-harvesting applications, thermoelectric 
nanocomposites need to have high electrical conductivity and low thermal conductivity. In the 
context of heat management applications, there has been a long-standing interest in tailoring 
polymers’ thermal conductivity by adding nanofillers with high thermal conductivity to polymer 
matrices such as metal [2], ceramic [3] and carbon-based fillers [4]. An abrupt increase in thermal 
conductivity is commonly reached by high filler loadings (>30 vol.%) [5] which can also lead to 
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negative effects on cost, weight and processability of polymer composites. Hence, it is really 
important to find the most efficient formulation and processing condition to obtain a better thermal 
conductivity performance without sacrificing other properties. Forming multiple conductive paths 
in the direction of heat transfer while also providing a very high packing fraction of filler in 
polymer matrix is one of the most important factors for achieving maximum conductive networks 
and higher thermal conductivity. This phenomenon can be promoted by different methods, 
including novel fabrication processes, using hybrid fillers, and using fillers with higher aspect 
ratios. The alignment of filler particles (typically 1- or 2-directional (1D, 2D)) with high in-plane 
thermal conductivity can be a good solution to improve thermally-conductive networks and to take 
full advantage of high in-plane thermal conductivity. Recently, many studies have been conducted 
to develop fabrication processes which induce filler alignment [6]. As a lower cost can be achieved 
by reducing the amount of the material, reducing weight is a potential way to make cheaper 
products. A novel approach to reduce weight and increase the filler alignment in polymers is to 
produce polymeric foams. Foams have been typically used in applications such as insulation, 
cushioning or packaging [7]. However, adding high thermally conductive fillers leads to enhanced 
thermal conductivity. Therefore, incorporating foaming process and functional fillers can be a 
potential route to develop novel, lightweight polymer composites with outstanding performance.  
Adding filler increases the rigidity of material while foaming helps to increase the flexibility. 
Therefore, we can also reduce the cost of material and promote flexibility by foaming. 
Thermoplastic elastomers (TPE) is a class of polymers which have both thermoplastic and 
elastomeric properties. While thermosets involve chemical cross-linking, thermoplastics contain 
purely physical crosslinks. Therefore, thermoplastics are readily processed (e.g. injection molding 
and extrusion). This results in lower energy costs for processing and considerably shorter cycle 
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times. Moreover, TPEs are recyclable and can be easily reprocessed. One of the most commonly 
used TPEs is thermoplastic polyurethane (TPU). TPUs are unique polymeric materials exhibiting 
a wide range of physical and chemical properties. They are a commercially important class of 
thermoplastics that can be tailored to meet the manufacturing challenges in a fast-changing world. 
TPUs are linear, block copolymers consisting of hard and soft segments. TPUs' multifunctional 
properties can be tailored by incorporating various types of filler into a TPU matrix while 
maintaining its uniquely high compliance. Therefore, many studies have been conducted to 
develop TPU composites. Improved mechanical, thermal and adhesive properties by incorporating 
nanosilica have been reported [8]. Mishra et al. [9] were able to enhance the storage modulus of 
the dual modified Laponite-TPU nanocomposite in a glassy state (at –60 °C) and in a rubbery state 
(+98 °C), by172.8% and 85%, respectively.  Most of the research on TPU composites has focused 
on using carbon nanotubes as conductive filler [10]. In addition to TPU composites and 
nanocomposites, many studies on TPU foams have been reported. Nemat et al. [11] studied 
microcellular TPU foams by using butane as the blowing agent. It was shown that the plasticizing 
effect of butane induced a wide range of HS crystalline domains. As a result, the presence of HS 
crystalline domain enhanced cell nucleation with a limited range of cell size (2.5-40µm) and cell 
density (108-1011 cells/cm3) over a wide range of saturation temperatures, from 150°C to 170°C at 
a saturation pressure of 55 bar. Michaeli et al. [12] examined only the correlations between the 
process parameters and CO2 solubility in the polymer. It was observed the solubility limit 
decreased with increasing screw speed for all screw geometries. However, only limited research 
has been conducted to develop conformable multifunctional TPU composite foams by taking 
advantage of foaming-assisted filler alignment in TPU matrices. With the continuous development 
of flexible and wearable electronics, multifunctional materials with good conformability represent 
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an emerging family of engineering materials in different economic sectors. In this context, this 
research aimed to investigate the foaming behaviors of TPU foams in order to identify appropriate 
processing windows that would offer flexibility for researchers to develop multifunctional TPU 
composite and nanocomposite foams.  
1.2 Objective of Thesis 
Thermally conductive polymer composites can be new promising for electronic packaging. 
The higher thermal conductivity can usually be obtained by adding high volume loadings of filler. 
However, the addition of filler compromises the low density, good processibility, flexibility and, 
in some cases, electrical insulating properties of polymer-based materials. Therefore, it is very 
important to find a way to achieve high thermal conductivity by adding less filler.  
In this context, this thesis research aims to develop new, conformable thermally conductive 
polymer composites. Thermoplastic polyurethane (TPU)-hexagonal boron nitride (hBN) 
composites foamed by batch foaming were studied as a case example. This research was divided 
into two phases. 
1.2.1 Phase One 
In particular, foaming is proposed in this thesis as a potential route to induce filler alignment 
along the cell wall, thereby establishing a thermally conductive network in the material system. 
However, there is a critical level of cell expansion to perfectly align the fillers around the expanded 
cells and further expansion would break the thermally conductive network and decrease TPU 
foam's thermal conductivity (keff). Therefore, an understanding of foam morphology is critical to 
the rational design of improved thermally conductive TPU foams. First, a comprehensive 
experimental study was conducted to identify the foaming behaviors of TPU foams in order to 
identify appropriate processing windows that would offer flexibility to develop multifunctional 
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TPU composite and nanocomposite foams. TPU foams were fabricated by batch foaming and 
characterized. The effect of the foaming process (i.e. saturation temperature and saturation 
pressure) on pore structure (i.e. cell size and cell population density) was investigated. The results 
of this research demonstrated that by CO2 foaming it was possible to produce TPU foams at 
relatively low temperatures (60°C). The results indicated that the cell size and cell density ranges 
are significantly wider at lower saturation pressures to varying foaming temperatures. This is 
because there is a difference in crystallization behaviors of TPU at different saturation pressures. 
At lower saturation pressure, specifically, there are fewer crystals which can act as heterogeneous 
nucleating sites. While TPU foams usually yield extremely high cell population density and small 
cell sizes, by applying the appropriate foaming conditions, we prepared foams with the wider range 
of cell sizes from 21 to 170 µm and cell population density from 105 to 108 pore/cm3. 
1.2.2 Phase Two  
In the second phase, these conditions were used to investigate the foaming-assisted filler 
alignment in TPU composites and nanocomposite foams for tailoring their effective thermal 
conductivity. hBN crystals are anisotropic as a result of their layered structures. Consequently, 
they have anisotropy in thermal conductivity. The in-plane (in direction within plane) thermal 
conductivity is reported to be about 300 W/mK [62]. Therefore, aligning the hBN platelet using 
foaming could be a promising way to take advantage of high in-plane thermal conductivity. 
Polymer nanocomposite foams were fabricated with batch foaming using CO2 as a physical 
foaming agent. Nanocomposite samples were first heated in a stainless-steel chamber to a 
temperature around the melting point of the polymer matrix. The compressed CO2 was then 
released and pressurized into the chamber for a given time to saturate the specimens. Subsequently, 
rapid depressurization of chamber caused thermodynamic instability of super-saturated specimens. 
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This provided the driving force for nucleation and growth of CO2 bubbles within the polymer 
matrix. The cell structure of foamed samples was stabilized through a cooling process close to 
room temperature. By injecting CO2 into the composite melt in the foaming process, the expansion 
of cells would align the hBN platelets along the cell walls. Consequently, better thermally 
conductive networks would be developed in the TPU matrix, thereby enhancing the keff and 
overcoming the thermal insulation property of polymer foams. 
1.3 Thesis Structure 
This thesis is organized into six chapters. 
Chapter one provides an introduction to polymer composite and foaming-assisted filler 
alignment.  The objectives of the thesis are described. 
Chapter two presents a literature review and background information of related previous 
research. The various methods of changing the intrinsic thermal conductivity of polymers are 
discussed. 
Chapter three demonstrates the materials and processing methods which have been used to 
fabricate TPU foams. 
Chapter four demonstrates the effect of the foaming process (i.e. saturation temperature and 
saturation pressure) in a pore structure (i.e. cell size and cell population density). 
Chapter five presents the foaming-assisted filler alignment in TPU composite and 
nanocomposite foams for tailoring the thermal conductivity. 
 Chapter six summarizes the major contributions and conclusions. It also provides 
recommendations or avenues for future research.
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2 Chapter 2   
Literature Review 
 
2.1 Flexible and Wearable Electronics 
One of the most active and vibrant new fields today is developing flexible and wearable 
electronics due to the emergence of next-generation portable electronic devices, such as the 
portable display, computing, communication and identification products. Wearable electronics are 
electronic devices which can be worn by a person either internally (i.e. implants) or externally (i.e. 
accessories) [13]. The internal electronic device can be a pacemaker while externally it can be a 
monitoring ring or a sensor. Most wearable devices are uncomfortable to wear due to their rigidity 
and weight. As a result, the essential factors that should be considered for the design of 
multifunctional wearable electronics are that they be lightweight, durable, energy-efficient, 
comfortable and robust. Wearable electronics operate as a sensor or as a computer. Consequently, 
the materials used in designing wearable electronics should be flexible, lightweight and 
conductive. Fiber-based clothing is the preferred candidate as the platform for wearable electronics 
because they are flexible, washable and durable [14]. The convergence of the positive features of 
textiles technologies, electrical engineering and electronic components is a potential way to 
combine the speed of growing modern electronics, with the flexible, wearable and continuous 
nature of fiber-based materials [15] . Many wearable electronic textiles consist of different layers 
which are in contact either with skin or electronic parts.  
In recent decades, the idea of adding fibers or fiber assemblies (textile structures) to electronics 
has been of great interest. Fiber-based flexible electronics have garnered much attention in a wide 
range of applications such as conformable circuits [16], interfacing  computers/processors [17],  
pressure sensors [18], flexible radio-frequency identification (RFID) [19], and other emerging 
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applications [20-23]. Wearable electronics also have a great potential for use in certain types of 
garments such as for military, healthcare and personal electronics. The health monitoring system 
is one such feasible application [21]. Wearable biosensor systems for health monitoring have 
received extensive attention from academic and industrial researchers during the last decades 
[22,23]. Various types of miniature sensors, wearable or even implantable, have been used in 
wearable health monitoring systems. 
For wearable electronics, the choice of materials to fabricate a sustainable flexible system 
which confer high flexibility and good electrical performance, is the most important consideration. 
Most available commercially conductive yarns are made up of polymer composites. Polymers are 
intrinsically insulators, therefore a potential way to make them conductive is to add highly 
conductive fillers such as carbon black, carbon nanofibres, metal particles and ceramics. However, 
adding a high volume fraction of filler to polymers would compromise their flexibility. 
Accordingly, there are still challenges to fabricate a flexible polymer composite with high thermal 
or electrical conductivity. 
2.2 Electronic Packaging 
Increasing electronic packaging density and reliability have resulted in a need for new 
multifunctional material to meet all the requirements. In order to reduce any thermal stresses, 
packaging material should have a tailorable coefficient of thermal expansion (CTE) which could 
be matched to substrate materials. The CTEs of semiconductors like silicon and gallium arsenide 
are in the range of about 4-7 PPM/K [24].  Therefore, the CTE of the material used for substrates 
should be in the same range in order to minimize thermal stresses in packaging [25]. However, the 
CTE of materials with good thermal conductivity, such as aluminum and copper, are much higher 
than desired.  
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Advances in the field of microelectronics have contributed to component miniaturization and 
therefore augment the power densities, resulting in thermal management concerns in electronic 
packaging design. As the reliability of a transistor depends on the operating temperature, and as a 
microprocessor operates at a greater speed, it is vital to keep the operating temperature low. On 
the other hand, the continuing increase in electronic packaging density has resulted in a need for 
new, advanced material with high thermal conductivity, low cost, low weight and a tailored CTE 
[26]. Low cost and low density are also key considerations. In this context, the plastic packaging 
has become popular. However, their low moisture resistance is a major drawback. As conventional 
packaging materials do not meet all criteria, developing new composite materials has been 
attracting great interest [24,27]. Combining different components is a potential way to fabricate 
new advanced composites with great advantages for thermal management in electronic packaging. 
Composite materials are defined in four classes: polymer-matrix composites (PMCs), metal-matrix 
composites (MMCs), ceramic-matrix composites (CMCs) and carbon/carbon composites (CCCs) 
[28]. Aluminum matrix and copper matrix composites are common MMCs used for electronic 
packaging. Their CTE can be typically tailored by introducing a reinforcing agent such as carbon 
fiber, silicon carbide (SiC) and diamonds [29,30]. However, all MMCs are electrically conductive, 
which is not favorable in many applications.  
At this time, in the interests of low cost, a low dielectric constant and ease of processing, 
polymer composites play an important role in electronic packaging. Polymer properties can be 
easily tailored by blending with different types of fillers. Polymer-matrix composites provide 
unique combinations of properties which make them outstanding candidates for electronic 
packaging. In today's microelectronic packaging industry, the leading packaging material is epoxy 
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composites for device encapsulation due to their low cost and high reliability. Traditionally, epoxy 
composites have been used in electronic packaging for device encapsulation [31-33].  
2.3 Thermally Conductive Polymeric Material Systems 
2.3.1  Pure Polymer 
Over the last 50 years, the usage of polymers has grown enormously. With the continuous 
technological advances in the electronic industry, the power density, and thereby the amount of 
heat generation of components, has surged dramatically in recent decades. Indeed, the  
Table 2.1. Thermal Conductivities of Some Polymers [34,35] 
Material Thermal Conductivity at 25 °C 
(W/m K) 
Low density polyethylene (LDPE) 0.30 
High density polyethylene (HDPE) 0.44 
Polypropylene (PP) 0.11 
Polystyrene (PS) 0.14 
Polymethylmethacrylate (PMMA) 0.21 
Nylon-6 (PA6) 0.25 
Nylon-6.6 (PA66) 0.26 
Poly(ethylene terephthalate) (PET) 0.15 
Poly(butylene terephthalate) (PBT) 0.29 
Polycarbonate (PC) 0.20 
Poly(acrylonitrile-butadiene-styrene) copolymer (ABS) 0.33 
Polyetheretherketone (PEEK) 0.25 
Polyphenylene sulfide (PPS) 0.30 
Polysulfone (PSU) 0.22 
Polyphenylsulfone (PPSU) 0.35 
Polyvinyl chloride (PVC) 0.19 
Polyvinylidene difluoride (PVDF) 0.19 
Polytetrafluoroethylene (PTFE) 0.27 
Poly(ethylene vinyl acetate) (EVA) 0.34 
Polyimide, Thermoplastic (PI) 0.11 
Poly(dimethylsiloxane) (PDMS) 0.25 
Epoxy resin 0.19 
Thermoplastic polyurethane (TPU) 0.28 
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inability to sufficiently dissipate heat from the devices has imposed another limitation in many 
new devices. In this context, new materials that can contribute to thermal management of these 
components are of interest to the electronics industry. While high cost heat sinks have traditionally 
been used to promote heat dissipation, the industry is demanding new thermally conductive 
materials that can be integrated with the electronic packaging in order to streamline the production 
process as well as to reduce manufacturing costs and the components’ sizes. In this context, 
polymeric material systems represent an important material family due to properties that make 
them attractive for heat transfer applications, namely being inexpensive to manufacture, corrosive- 
resistant and lightweight. Yet their low thermal conductivity is the main challenge. The thermal 
conductivity of common polymers is listed in Table 2.1. 
In recent years, changing the intrinsic thermal conductivity of polymers has been an active area 
of research [36-38] . Choy et al. introduced this idea early, in 1970 [38]. While polymers are 
generally insulators because of entanglement of the molecular chains, Choy et al. [37,38] 
demonstrated that mechanical stretching increases the chain alignment, so heat can flow more 
efficiently down the polymer chains (the chain axis). This plays an important role in increasing the 
intrinsic thermal conductivity of polymers. The experimental data show that thermal conductivity 
of crystalline regions is at least an order of magnitude larger in the chain axis direction k|| than in 
perpendicular k⊥[39]. By stretching these polymers, a higher degree of chain alignment is 
achieved. This increases the thermal conductivity parallel to the stretching direction and decreases 
it in the perpendicular directions. In the perpendicular direction, thermal conductivity decreases 
due to less-oriented chain axes in those directions. However, an economical high-volume 
manufacturing process which will enable a polymer system to form either heat exchanger or heat 
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sink is still missing. It remains unknown how much improvement can be achieved by stretching 
polymers [35]. 
2.3.2 Polymer Composites 
Thermal management has a fundamental role in the packaging industry, especially in electronic 
devices. It is certainly crucial to adequately dissipate heat to increase the performance and 
reliability of electronic devices. Polymeric materials with high thermal conductivity have received 
more attention in thermal management systems. Therefore, metals and ceramics parts can be 
replaced by polymers in heat transfer devices and systems, which result in energy and cost savings.  
Furthermore, polymers can be readily converted to polymer composites in different forms (e.g. 
bulk and coating forms) because of their low processing temperatures. 
Table 2.2. Thermal Conductivities of Common Thermally Conductive Fillers [40] 
Material Thermal Conductivity at 25 °C 
(W/m K) 
Aluminum 234 
Nickel 91 
Gold 315 
Copper 400 
Lead  30 
Iron 84-90 
Aluminum Oxide 38-42 
Boron Nitride 29-300 
Silicon Carbide 85 
CNT (single wall) ≈6000 
CNT (multi wall) ≈3000 
Carbon fiber 260 
 
The thermal conductivity of polymers can also be enhanced by adding fillers with high thermal 
conductivity to polymer matrices such as metal [41], ceramic [3] and carbon-based fillers [4]. 
Fillers also can be classified based on their structures as one-dimensional (1D), two-dimensional 
 
 
13 
(2D), and three-dimensional (3D). For instance, single-walled carbon nanotubes (SWNTs) are one-
dimensional (1D) fillers. Boron nitride (hBN) and graphene are two-dimensional (2D). Common 
three-dimensional (3D) fillers include carbon black and cubic boron nitride (cBN).  
In order to achieve maximum thermal conductivity, filler selection is crucial. The capability of 
fillers to form multiple heat flow paths which also give a very high packing fraction act as 
important factors in improving the thermal conductivity network. Some studies have also proved 
filler effectiveness with large particle sizes, various particle distribution models and low aspect 
ratios for obtaining better packing [42]. Fillers with perfect crystal structures can decrease phonon 
scattering, which results in increased thermal conductivity. In Table 2.2, the thermal conductivities 
of common thermally conductive fillers are listed [43]. 
Many studies on polymeric composites with different base materials and fillers have been 
reported [44]. However, different composites cannot be compared directly, because each group of 
researchers has applied different manufacturing procedures. Also, due to such differences in the 
same type of fillers as their crystal structure, size and shape, it might be meaningless to compare 
the same materials, bases and fillers. Adding filler also leads to poor mechanical properties (i.e. 
fragility).  Further, using fillers increases the cost of final material. Therefore, great care should be 
taken to ensure good thermal conductivity, mechanical properties, stability and low cost.  It is 
really difficult to tailor a composite with these desired properties.  
Typically, effective thermal conductivity (keff) of polymer composites depends on the three 
main factors: structure and properties of polymer and fillers; alignment and orientation of the filler 
inside the polymer, and the interactions between the filler surface and the polymer matrix. The 
thermal conductivity of polymer composites is strongly affected by the filler type, loading level, 
filler size, and filler shape. Moreover, the spatial alignment and orientation of the 
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important to consider effective thermal conductivity. Fillers can be aligned during processing. 
Therefore, we can get full advantage of anisotropic thermal conductivity in the composite. For 
example, some plate-like fillers (e.g. hBN) have high keff in plane, so if they can be perfectly 
oriented, the keff in plane would strongly affect the keff of the polymer composite. Many novel 
techniques are being developed in order to obtain the desired filler orientation. 
One of the keys to achieving high thermal conductivity in the composite is creating a filler 
network.  However, this is usually formed at high filler loading levels which can result in high 
costs, poor processability and poor mechanical properties.  Much research is in progress to develop 
composites with high thermal conductivity at a lower filler loading level. 
Filler-polymer compatibility is also important. Poor interaction between the filler and polymer 
matrix surface can result in high thermal interfacial resistance and can decrease thermal 
conductivity. Therefore, improving polymer-filler interfacial interaction can considerably increase 
the thermal conductivity of composites. [45]. 
2.3.2.1 Type of Fillers 
2.3.2.1.1 Metal Fillers 
Polymer composites filled with metal have attracted the attention of many engineering fields. 
This is due to the fact that adding metallic particles to a polymer matrix increases electrical 
conductivity of the composites while keeping the processing condition and mechanical properties 
the same as the polymers [46]. However, there are few publications on the study of thermal 
conductivity of such composites [47] . Aluminum and copper are commonly used as thermal 
conductive fillers in polymer-metal composites. Bigg [48] showed that if the difference between 
thermal conductivity of the filler and the polymer matrix is greater than 100-fold, it has no 
significant effect on the thermal conductivity of the composite. As a result, polymers cannot take 
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full advantage of fillers with high thermal conductivity, such as metals. Furthermore, metals are 
both thermally and electrically conductive while most ceramic materials are an electrical insulator.  
Hence, appropriate ceramic materials can be used in applications where both thermal conductivity 
and electrical insulation are required. 
2.3.2.1.2 Carbon-based Fillers 
Carbon-based fillers (e.g. carbon nanotubes and carbon fibers) provide many potential 
applications because they have a higher thermal conductivity, excellent corrosive resistance and a 
lower thermal expansion coefficient than metals. Carbon-carbon composite is the system in which 
the matrix and filler are both carbon materials. This carbon-carbon composite has very high 
thermal conductivity and is the most suitable material system to form a heat sink. But they are very 
expensive, so mass production of this system for industrial purposes faces many challenges. For 
this reason, development of cheap polymer composites filled with carbon-based fillers has been 
studied by different research groups. Some common thermal conductive carbon-based fillers are 
graphite, carbon fiber, diamonds and carbon nanotube. The development of nanocomposites based 
on carbon nanofiber (CNF) and carbon nanotube (CNT) has been intensively studied, in which 
CNF and CNT have been used as fillers to make use of their physical properties. These fillers can 
improve not only mechanical properties but also electrical and thermal conductivity.  For example, 
CNTs have been used to improve mechanical properties of polymers [49-52], since they are much 
stronger. But weak nanotube/matrix bonding causes difficulties in improving mechanical 
properties of the composites. On the other hand, CNTs have recently been embedded into polymers 
to create materials with better electrical and thermal transport properties [53,54]. CNT and CNF 
are the most promising candidate materials for thermally-conductive composites because of their 
high thermal conductivity. By using some important models for predicting thermal conductivity 
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of composites, CNT and CNF -filled nanocomposites show higher thermal conductivity 
enhancement than any other inorganic fillers. In reality, however, the thermal conductivities of 
composites are relatively low. This is due to the large interfacial thermal resistance between the 
CNT and the polymer matrix which prevents the transfer of phonons (which control heat 
conduction) in polymers [4]. As mentioned earlier, if the difference between thermal conductivity 
of the filler and the polymer matrix is greater than 100-fold [48], the filler has no significant effect 
on the thermal conductivity. Therefore, carbon-based fillers are not good candidates for polymers. 
Haggenmueller et al. [51] also showed that embedding a single-wall carbon nanotube (SWCNT) 
does not have a significant effect on thermal conductivity of composites.   
2.3.2.1.3 Ceramic Fillers 
Polymer composites have been used for device encapsulation in electronic packaging. 
Actually, encapsulation of electronic devices increases their long-term reliability and protects them 
from an unfavorable environment. Traditionally, epoxy/silica composites have been widely used 
for encapsulation. However, due to low thermal conductivity (1.5 W/mK) of silica [3], these 
composites show a very poor thermal performance. As aforementioned, higher thermal 
conductivity can be achieved by using thermally conductive fillers. However, polymers cannot 
take full advantage of high thermal conductive fillers such as metals and carbon-based fillers. 
Ceramic fillers are the preferred material to improve the thermal conductivity of polymers such 
as hexagonal boron nitride (hBN), aluminum nitride (AIN) and silicon carbide (SiC). In addition, 
ceramics are widely used as fillers because of their high thermal conductivity and electrical 
resistivity [52,55].   
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Table 2.3. Comparison of BN with Other Thermally Conductive Fillers [54] 
 BN AIN Al2O3 SiO2 ZnO 
Thermal properties      
Thermal conductivity (W/mK) 300 260 30 1.4 54 
Specific heat (J/Kg.K, 25oC) 794 734 798 689 523 
Theoretical density (g/cc) 2.25 3.26 3.98 2.20 5.64 
Electrical properties      
Dielectric constant 3.9 8.8 9.7 3.8 9.8 
Volume resistivity 1015 1014 1014 1014 107 
Mechanical properties      
Thermal expansion coefficient 
(ppm/K) 
<1.0 4.4 6.0 0.5 0.7 
Youngs Modulus (GPa) 40 400 340 72 12 
Knoop Hardness (kg/mm2) 11 1200 1500 500 387 
 
However, the thermal conductivity of silica is too low, 1.5 W·m-1 ·K -1, so the effective thermal 
conductivity of silica-filled polymer composites is limited. Therefore, researchers have sought to 
increase thermal conductivity with higher thermally conductive ceramic fillers such as beryllium 
oxide (BeO), hexagonal boron nitride (hBN) [10], aluminum nitride (AlN) [53], alumina (Al2O3) 
[56] and zinc oxide (ZnO) [57]. However, extreme hardness of AIN is its major disadvantage as 
there are many difficulties in processing and limitations in the application of an AlN/polymer 
composite [58]. Aluminum oxide (Al2O3) and zinc oxide (ZnO) have a relatively high thermal 
conductivity and are widely used as fillers due to their low cost and high electrical resistivity. But 
they have high dielectric constants and cannot be used for insulation applications [59]. Moreover, 
most of these filler materials, except boron nitride as shown in Table 2.3, are hard and abrasive 
and this can cause severe damage to the equipment during processing. In contrast, hBN is much 
softer with very high intrinsic thermal conductivity; hence it is preferred over other ceramic fillers. 
In addition, soft hBN particles can easily be deformed so can give better packing density to form 
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thermally conductive networks [60]. Large particle size grades of such fillers also reduce surface 
areas, which lead to decreased interfacial phonon scattering. Furthermore, larger particles reduce 
filler-polymer interfaces which result in decreasing the number of thermally resistant junctions 
[61]. 
Several extensive studies have been conducted regarding outperforming hBN in improving the 
thermal conductivity of polymer composites [62-67]. Tsutsumi et al. [68] studied a polyimide 
system filled with diamond, alumina, aluminum nitride, boron nitride and silicon carbide. It was 
observed that by 54 vol% hBN loading, a maximum value for thermal diffusivity with a ten-fold 
increase compared to the neat polymer can be achieved. 
2.3.2.2 Formation of thermally Conductive Networks 
Forming multiple conductive paths in the direction of heat transfer while giving a very high 
packing fraction, is the most important factor in achieving maximum conductive networks and 
higher thermal conductivity. This phenomenon can be promoted by different methods: specific 
fabrication process; using hybrid fillers, and using fillers with a higher aspect ratio. 
The alignment of filler particles can be a good solution to improve the thermal conductivity. 
Many studies have been conducted to develop a fabrication process which induces filler alignment. 
Different methods have been reported, such as electric field-induced filler alignment [6,69], 
magnetic field-induced filler alignment [70], ultra-drawing [59], ultra-sonication [50], and 
foaming [53]. Park et al. [69] studied aligned single-wall carbon nanotube ("SWCNT") polymer 
composites by using an electric field. The observed orientation of field-induced SWCNT networks 
offered the potential route to produce composites with the required properties for a specific 
application by easily tuning the applied field strength, frequency, and time. Martin  
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Figure 2.1. Biaxial-flow Alignment of Clay Particles Along the Cell Boundary in a 
Polypropylene Matrix During Foaming Processing [53] 
et al. [6] also studied electric field-induced filler alignment to create aligned conductive CNT 
networks in epoxy-based composites. It was demonstrated that a CNT can be aligned by both AC 
and DC electric fields. However, networks formed in AC fields are more uniform and more aligned 
compared to DC fields. In the study of using a magnetic field to align multi-wall carbon nanotubes 
(MWCNT) in a polyester-based composite, Kimura et al. [70] showed that MWCNT-polymer 
composite has better percolation path for the parallel direction than perpendicularly. This 
anisotropic nature of such a filler provides a novel method to prepare specific composites with 
anisotropic properties. Leung et al. [59] revealed that alignment of liquid crystal polymer (LCP) 
fibrils could be enhanced by ultra-drawing of LCP- graphene nanoplatelet (GNP) composite which 
led to increasing the thermal conductivity of the composite. Yu et al. [71] dispersed hybrid GNP-
SWNT fillers in the epoxy-based polymer by using ultra-sonication which led to achieving a 
composite with thermal conductivity of 3.35 W·m-1·K-1 with only 20 wt% of filler. Recently, many 
studies have been conducted on the application of foaming to induce filler alignment in a polymer 
matrix [53,72]. Ding et al. [72] showed that foaming has the potential to assist filler alignment and 
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filler network which enhance the thermal conductivity of polymer material systems.  Further, 
Okamoto el al. [53] investigated the biaxial-flow alignment of clay particles along the cell walls 
in a polypropylene matrix during foaming processing. 
A hybrid filler composed of two or more fillers showed that the combination offered the novel 
ability to improve composite performance by taking advantage of each filler [3,56]. This hybrid 
filler system helps to create massive thermally conductive networks by bridging the fillers. It also 
helps to greatly decrease the overall filler loading, hence reducing the system's viscosity [57]. In 
the study of thermoplastic polyurethane filled MWCNT/graphene hybrid filler, Roy et al. [10] 
showed that by adding 0.25 and 0.50 wt.% MWCNT–CRGO to TPU thermal stability and storage 
modulus improved significantly due to uniform dispersion of fillers in the polymer matrix and 
strong interfacial interaction between TPU and the filler.  Yu et al. [71] studied the effect of a 
nanoscale hybrid filler composed of SWCNT and graphite nanoplatelets (GNP). It was 
demonstrated that it significantly improved thermal conductivity of epoxy-based composites, 
which is attributed to the formation of a more efficient thermal conductivity network with 
significantly reduced thermal interface resistance. Geon et al. [3] investigated the hybrid filler 
comprising different fillers like aluminum nitride (AlN), wollastonite, silicon carbide whisker 
(SiC) and boron nitride (BN). It was found that hybrid fillers can be an effective way to increase 
the thermal conductivity of the composite. This is probably due to the more efficient connectivity 
which is offered by structuring a filler with a high aspect ratio in the hybrid filler. Teng et al. [73] 
studied the thermal conductivity of epoxy-based composites filled with two hybrid fillers, 
MWCNTs and AlN, in which a small amount of functionalized MWCNT (1 vol.%) in an 
AlN/epoxy composite with 25 vol.% modified AlN loading showed comparable thermal 
conductivity (1.21 W/mK) to that of epoxy composite containing 50 vol.% untreated AlN (1.25 
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W/mK), which can reduce by half the amount of AlN filler used. Furthermore, Lee et al. [4] 
showed that the effect of hybrid fillers (AlN/wollastonite) is more than that of a single-size filler 
in enhancing thermal conductivity of the composite. 
 
Figure 2.2. Schematic of GNP-SWCNT Network in Polymer Matrix [71] 
The aspect ratio can have a significant effect on the thermal conductivity of composites [74].  
Kochetov [75] investigated the effect of the size and shape of the filler on the thermal conductivity 
of epoxy-based composites. Large particle size grades of fillers reduce the surface area, which 
leads to a decrease in interfacial phonon scattering. As a result, composites filled large particle size 
grades of fillers show higher thermal conductivity. 
2.3.2.3 Particle Surface Modification 
The surface modification of the particles has been employed by a number of researchers in 
order to decrease the filler-matrix thermal contact resistance which led to achieving higher thermal 
conductivity [76,77]. Surface treatment of the filler minimizes the interfacial phonon scattering. 
Phonons can scatter through several mechanisms as they travel through the material such as 
phonon-phonon scattering, phonon-impurity scattering, phonon-electron scattering, and phonon-
boundary scattering.  This helps to improve the wettability and uniform dispersion of the filler in 
the polymer matrix. As a result, effective thermal conductivity will increase. For example, Xu and 
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Chung [58] investigated the effect of surface treatment of BN with different materials (e.g. acetone, 
silane, HNO3 and H2SO) in epoxy-based composites. It was clearly shown that the surface 
treatment of the particles resulted in an increase of thermal conductivity of BN and AlN particle 
epoxy-based composites by up to 97%. This is due to an improvement of the interface between the 
matrix and particles which leads to decreasing interfacial resistance between the fillers and the 
matrix. 
Yang and Gu [60] studied the effect of surface treatment of the hybrid filler MWCNTs/ nano-
sized silicon carbide particles (SiCnp) on the thermal conductivity of epoxy nanocomposites. It 
was shown that the thermal conductivities epoxy composites filled with silane-modified SiCnp 
were larger than those of epoxy composites filled unmodified SiCnp. It could be due to making 
the connection between SiCnp to the epoxy matrix and reducing the resistance to the heat flow 
caused by epoxy–SiCnp interface. Improved thermal conductivity was achieved by such surface 
treatment. It could be ascribed to the fact that TETA functionalization improved the interfacial 
heat transport between the epoxy matrix and the MWCNTs and helped to create better dispersion 
of MWCNTs in the matrix, which is beneficial to the improvement of the thermal conductivity of 
MWCNT/epoxy composites. 
2.3.3  Polymer Composite Foams 
Over recent decades, the foaming process to produce microcellular polymer has been 
extensively investigated. Due to the versatile nature of polymeric-based foams, they have been 
used for various applications including packaging materials, sound insulation, thermal insulation, 
shock absorption, cushioning, and bioscaffolds for tissue engineering [78,79]. The reason polymer 
foams are so widely used is that they have numerous advantages, such as low density, good thermal 
insulation, and superior toughness. 
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There are various methods for fabricating porous polymer composites including batch 
foaming, extrusion foaming, and foaming with expancel® microspheres. The foaming process 
typically includes several steps: dissolution of a blowing agent (PBA or CBA) into a polymer 
matrix under an elevated pressure; generation of pores or cells upon inducing thermodynamic 
instability (i.e. rapid depressurizing to the ambient pressure); the growth of nucleated bubbles in 
the polymer, and finally, stabilization of the porous or cellular structure.  
2.3.3.1 Blowing Agent 
The blowing agent is the dominant factor in both the manufacturing and performance of 
polymer foam. The blowing agent can be either a physical blowing agent (PBA) or a chemical 
blowing agent (CBA). In the PBA process, the gases (i.e. volatile liquids or compressed gases) are 
injected directly into the polymer system. Park has extensively studied this method, (Mucell® 
process) [80][81].  Several types of PBAs have been used, such as chlorofluorocarbons (CFCs), 
CO2 and N2. However, PBA foaming needs special equipment such as a gas injector, a high-
pressure gas source and a specially designed chamber or screw. Despite the technical challenges, 
PBAs are still common blowing agents in industries due to their lower cost and effectiveness, 
especially in the production of low-density foams. CFCs were traditionally used as blowing agents, 
but as they deplete the ozone layer and negatively affect global warming [82] they are being phased 
out as blowing agents in the foam industry.  Hydrofluorocarbons (HCFCs) and perfluorocarbons 
(PFCs) are also to become subject to strict environmental regulations and are to become restricted 
compounds. They can be replaced with alternative candidates, such as HFCs, nitrogen, 
hydrocarbons and carbon dioxide, all of which have low environmental effects, nonflammability 
and low toxicity [83]. Inert gases, especially CO2 and N2, are generating much interest since they 
are environmentally friendly and do not deplete the ozone layer [86]. In the supercritical state, 
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materials become dense like a liquid but maintain a gas-like ability to flow with almost no viscosity 
or surface tension. As a result, their solubility in a polymer increases significantly due to which 
the glass transition temperature (Tg) of most polymers reduces. The solubility of CO2 in most 
common polymers is much higher than that of N2 and other inert gases. CO2 is used extensively to 
make thermoplastic foams such as PU foams. Therefore, CO2 will be used in this study to make 
TPU foams due to higher solubility and good plasticization effects.  
Chemical blowing agents (CBA) are compounds that release the gas either due to thermal 
decomposition or due to chemical reaction [84].  N2 or CO2 are typical gases which are produced 
by CBAs’ decomposition [85,86]. CBA reactions can be categorized into two groups:  endothermic 
or exothermic. Azodicarbonamide (ACD) is the world’s most commonly-used exothermic CBA 
which generates N2 upon decomposition, with decomposition temperatures between 170°C and 
200°C. Sodium bicarbonate and zinc bicarbonate are the best representative endothermic blowing 
agents. The main advantage of CBAs is the ease of process. However, the bubbles obtained with 
CBAs are larger than those obtained with PBAs and this results in lower mechanical properties. 
2.3.3.2 Batch Foaming  
The basic solid-stage batch foaming is a two-stage process which is shown schematically in 
Figure 2.3. In the first stage, the polymer is placed in a high-pressure chamber. This step is usually 
conducted at an ambient temperature. Over a given time, the gas diffuses into the polymer matrix 
to saturate the sample. Subsequently, rapid depressurization of the chamber causes thermodynamic 
instability of super-saturated specimens. In the second stage, the supersaturated specimen is 
immersed in a heated bath with a temperature above the glass transition temperature (Tg) of the 
polymer-gas mixture for a given time. Nucleation and growth of the bubbles within the polymer 
matrix happen during this stage. The sample is then cooled to stabilize the foam structure 
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Figure 2.3. Schematic of The Solid-State Batch Process [87] 
The main disadvantage of solid-state batch foaming is the low diffusivity rate of blowing the 
agent into the polymer matrix at an ambient temperature. Accordingly, there is another type of 
batch foaming which is conducted at an elevated temperature (i.e. higher than Tg and lower than 
Tm of the polymer), termed the foaming temperature. Batch foaming is used in this study due to its 
simple operation and easy control of experimental parameters to produce foams with tailored 
properties.  
2.3.3.3 Extrusion Foaming 
In extrusion foaming processes, polymers and additives are first melted and mixed in a heated 
barrel with a rotating screw. Subsequently, the blowing agent is injected to the plastic melt via 
decomposition of CBA or direct injection of PBA. Screw designs with good mixing and energy 
transfer capability have been developed to achieve a homogeneous plastic-gas mixture with 
uniform temperature, additive and blowing agent distribution. These mixing techniques enhance 
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the homogeneity of the polymer-additive-gas mixture and its temperature distribution, which is 
crucial for foaming.  A series of division and deformation of plastic melt to disperse local gas 
pockets are applied to achieve the final mixture. In this process, the energy and mass transport are 
accelerated due to an increased polymer-gas interface area and decreased striation thickness. 
Subsequently, the uniform polymer-gas mixture is forced through a die and foaming is induced by 
a rapid depressurization upon the mixture exiting the die. The sample is cooled under ambient 
conditions or immersion in water to stabilize the foam structure. 
2.3.3.4 Foaming with Expancel® Microspheres 
Expancel® microspheres are polymeric microspheres which consist of a polymer shell 
encapsulating a gas. They expand when heated within a specific temperature range. The microsized 
bubbles consist of a polymer shell encapsulating a hydrocarbon gas. When heated, the internal 
pressure of the gas inside the sphere increases and the thermoplastic outer shell softens, resulting 
in a significant increase in the volume of the microspheres. The gas remains inside the spheres. 
Researchers have investigated using expandable polymeric microspheres as a blowing agent to 
create porous materials. They have also studied the effect of temperature on the morphology of the 
foams [88,90]. This is a novel processing route for foaming and as such it has been considered 
non-conventional. It was observed that there is an optimal processing temperature to obtain the 
lowest density for composites formed with Expancel® microspheres, which is variously based on 
the grade of microsphere used. Below this optimal temperature, the viscosity of the polymer is too 
high, hence bubble growth is limited. Above this temperature, due to a high rate of diffusivity, gas 
loss is unavoidable [89]. Therefore, the processing temperature is the dominant factor to find a 
balance between gas loss and expansion rate resistance for Expancel® microspheres. In the study 
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of closed-cell ceramic foams fabricated using Expancel® Microspheres, Kim et al. [91] used 
various microsphere content and the temperature to tailor the porosity of the material. 
2.4 Elastomers 
Generally, polymers can be divided into three categories: thermoplastics, thermosets, and 
elastomers (rubbers). Thermoplastics are polymers that become homogenized liquid above a 
specific temperature and harden upon cooling. They can be melted and shaped several times due 
to which property they are called reversible materials. Thermoplastic materials are either 
crystalline or amorphous. Thermosets are amorphous polymers which only have one chance to 
liquefy and be shaped when heated. They decompose by further heating and do not reform upon 
cooling. Elastomers are amorphous polymers existing above their glass transition temperature so 
are relatively soft and deformable at ambient temperature. 
Viscosity plays an important role in choosing a suitable polymer for the matrix. Lower 
viscosity helps to form a thin layer between thermally conductive filler particles, which leads to 
reducing thermal resistance. Moreover, it allows a higher concentration of fillers to be incorporated 
into the system, which results in achieving higher thermal conductivity. However, the wettability 
and the adhesion between the fillers and polymers also have a great effect on reducing interfacial 
phonon scattering [3]. The molten thermoplastic polymer has good filler wettability and leads to 
high bond strength [92]. 
Thermoplastic polyurethanes (TPUs) are a commercially important class of thermoplastics, 
exhibiting a wide range of physical and chemical properties. By tailoring their microstructures, it 
is possible to also tailor their properties to meet manufacturing challenges in a fast-changing world 
[93] TPUs are linear, block copolymers consisting of alternating sequences of hard and soft 
segments. This alternating block structure was first suggested by Cooper and Tobolsky [94]. The 
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soft segment can be either a polyether or polyester type. A polyether-based TPU is generally used 
in wet environments while a polyester-based TPU suits applications where resistance to oil and 
hydrocarbons is essential. Depending on the type of isocyanate, the HS (i.e. isocyanates) can be 
classified as either aliphatic or aromatic. By manipulating the proportion of hard and soft segments, 
it is possible to produce different degrees of hardness. The flexible amorphous soft domains 
influence the elastic nature of TPUs while the rigid semi-crystalline hard domains influence elastic 
modulus, hardness, tear strength and melt processing [95]. For example, a higher hard-to-soft 
segments ratio will result in a more rigid TPU. Due to the thermodynamic incompatibility between 
these two segments, phase separation occurs and results in micro-domain structures. There are 
many factors governing the morphology and final properties of polyurethane (PU) and TPU. These 
include: state of segregation [93,96], the length of the HS [97-99], thermal history [100] and 
mechanical history [101,102]. In particular, varying the thermal history can alter TPU’s 
microphase structure [103]. 
Polyurethane block polymers generally contain a high degree of hydrogen bonds [104].  
Various techniques, such as fourier transform infrared spectroscopy (FTIR), differential scanning 
calorimetry (DSC), wide-angle X-ray diffraction (WAXD) and optical microscopy, were used to 
study the crystallization behavior and intermolecular bonding of TPU [105-107]. Clough et al. 
[106] investigated the structural organization and transitions in both polyether-based and 
polyester-based urethane elastomers. The results revealed that there are three characteristic thermal 
transitions, being the glass transition and two higher transitions due to the disruption of hydrogen 
bonding. The low temperature peaks (i.e. 70°C – 80°C) were related to the disruption of urethane-
macroglycol bonds. The high temperature peaks (i.e. 150°C – 180°C) were due to the disorder of 
urethane-urethane bonds in HS. The sizes and positions of these endothermic peaks were governed 
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by many factors, including composition ratio, thermal annealing, thermal history and processing 
condition [108-110]. Thermal annealing of TPUs would rearrange hydrogen bonds and thereby 
enhance the formation of HS domains and their crystallization kinetics [111] . 
2.4.1 TPU Composites 
 
TPUs' multifunctional properties can be tailored by embedding various types of filler in a TPU 
matrix while maintaining its uniquely high compliance. In this context, many studies have been 
conducted to develop TPU composites and nanocomposites. Improved mechanical and adhesive 
properties by incorporating nanosilica were reported [112]. TPU nanocomposites filled with zinc 
oxide have been fabricated. Pulsed laser ablation of zinc in a polymer offers a simple synthesis to 
produce semiconductor ZnO/polymer composites, which are promising materials for biomedical 
and photovoltaic devices [113]. A lot of work has been done on TPU composites loaded SWCNTs 
[114] and MWCNTs [115].  However, the use of CNTs has been limited because of the difficulties 
associated with dispersion of CNT during processing and poor interfacial interaction between 
CNTs and the polymer matrix. This is due to the small diameter of CNTs in the nanometer scale 
with high aspect ratio (>1000) which results in an extremely large surface area [116]. Therefore, 
surfactant and covalent functionalization have been employed to have better dispersion [117-119]. 
Most of the TPU-CNT nanocomposites have been commonly fabricated by solution processing 
techniques [120,121].  In situ polymerization [122]and melt mixing [123] have also been reported. 
Mishra et al. [9] found that the fabrication of TPU nanocomposites filled with dual modified 
synthetic hectorite nanoclay could increase the storage modulus by 172.8% and 85% over neat 
TPU in the glassy region (i.e. -60°C) and in the rubbery region (i.e. 98°C), respectively. Most of 
the research of TPU composites has focused on using carbon nanotubes as conductive fillers 
[120,121,123,124]. Bilotti et al. [125] studied the electrical and mechanical properties of TPU 
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fibers containing MWCNTs. Their nanocomposite fibers were able to achieve an electrical 
conductivity of ∼3 S·m−1 with 3 wt.% CNT loading. A recent study demonstrated that an optimal 
loading of natural fiber (i.e., Kenaf) could significantly reinforce TPU [126]. Moreover, Haung et 
al. [127] fabricated TPU-few-layered graphene nanocomposites with enhanced mechanical 
properties and extremely high self-healing efficiencies (i.e. > 98%). As aforementioned, carbon-
based fillers cannot be used in applications in which electrical insulating is important. As a result, 
further promoting thermal conductivity of polymer composites by replacing CNTs with the 
preferred ceramic filler, hBN, can enhance the thermal conductivity of polymer composites (i.e. 
the incorporation of fillers with higher thermal conductivity with low dielectric constant) while 
electrical insulating is also favored.  Nobody has yet prepared a thermally conductive TPU 
composite. 
2.4.2 TPU Foams 
In recent years, TPU foamed products have become more important in industry. They have 
been used in a variety of applications such as furniture, automobile interiors and sporting 
applications, including athletic shoes, sports shoes, ski boots and in-line skates, due to their easy 
processability and desirable, customizable properties. [128]. Moreover, their biocompatibility, 
high fracture strain, moderate tensile strength and excellent abrasion and tear resistances make 
them extremely popular for medical applications [129]. Several methods have been used to 
fabricate TPU foam, such as electrospinning [130], thermal induced phase separation [131], 
extrusion [12], batch foaming [132] and microcellular injection molding [133]. The last two 
methods have attracted a great deal of interest due to absence of organic solvents. 
 The foaming condition to produce microcellular TPU has been extensively investigated. 
Hossieny et al. [11] showed that incorporating butane in TPU improved the crystallization of hard 
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segments which resulted in enhanced cell nucleation. Nema et al. [134] investigated the effect of 
different blowing agents (i.e. exo- and endothermic) on the morphology of TPU foams. It was 
found that the exothermic blowing agent (i.e. azodicarbonamide) should be used only with a 
special commercial additive which could decrease the decomposition temperature of 
azodicarbonamide. In addition, the density of TPU foams could be reduced up to 40%. A potential 
way to improve the TPU properties is by introducing fillers to the TPU matrix. Wang et al. [135] 
showed that nanoclay can significantly promote crystal nucleation and cell nucleation. On the other 
hand, nanoclay plays an important role as an effective nucleation agent. Accordingly, adding 
nanoclay resulted in a foam structure with a smaller cell size and a higher cell density compared 
to neat TPU. Moreover, nanoclay also has good reinforcement effects. As a result, the tensile 
strength was enhanced by 56.3% and 89.2% with 5 and 10 wt% clay contents, respectively. 
Kharbas et al. [133] studied the effect of a cross-linking agent on the foam morphology of TPU 
fabricated by microcellular injection molding. It was found that incorporating a cross-linking agent 
in the TPU matrix increased the melt strength. Consequently, lower densities could be achieved 
by foaming at the higher temperature and greater pressure.  
2.5 Summary 
Over recent years, the applications of polymers have grown enormously due to properties that 
have made them attractive for different applications, namely being inexpensive to manufacture, 
corrosive resistant and lightweight. Yet their low thermal conductivity, poor mechanical properties 
and electrical conductivity are the main challenges in emerging sectors such as electronics, energy, 
and aerospace. Therefore, more attention has been given to the idea of tailoring polymers’ 
properties by adding fillers to polymer matrices such as metal [41], ceramic[3], and carbon-based 
fillers [4]. However, high filler loading can also lead to negative effects on cost, weight, and 
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processability of polymer composites. As reducing costs can be achieved by reducing the density 
of the material, foaming has attracted significant attention as a way to decrease the cost and 
increase the applications of polymers. Therefore, incorporating a foaming process and functional 
fillers is a potential route to develop novel lightweight polymer composites.  
Recently, many studies have been conducted on the applications of foaming to induce filler 
alignment in a polymer matrix[53,72]. Ding et al. [72] showed that foaming has the potential to 
assist filler alignment and filler network which enhance the thermal conductivity of polymer 
material systems. In a similar way, Yan et al. [136] fabricated electrically-conductive PU foams 
with a low electrical percolation threshold by only 1.2 wt.% carbon nanotubes loading. This was 
achieved by controlling the filler dispersion in the cell walls, which resulted in the formation of 
electrically-conductive pathways.  Ling et al. [137] have recently fabricated lightweight 
polyetherimide (PEI) composites for EMI shielding by combining foaming with a small amount 
of graphene. It was observed that microcellular foaming induced perfect orientation of graphene 
along the cell walls. This created an effective electrically-conductive graphene path at lower 
graphene loadings (i.e. 0.18 vol. %). 
TPUs are unique polymeric materials exhibiting a wide range of physical and chemical 
properties. They are a commercially important class of thermoplastics that can be tailored to meet 
the manufacturing challenges of a fast-changing world [138]. Embedding different types of filler 
into the TPU matrix can tailor TPU’s multifunctional properties while maintaining its uniquely 
high compliance. Therefore, many studies have been conducted to develop TPU composites. 
Improved mechanical and adhesive properties by incorporating nanosilica have been reported 
[139]. While the uses of CNT have been limited because of the difficulties in uniformly dispersing 
CNT within the TPU matrix, extensive studies have been conducted to study TPU/CNT 
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nanocomposites. Bilotti et al. [125] studied the electrical and mechanical properties of TPU fibers 
containing MWCNTs. They were able to achieve the electrical conductivity of ∼3 S m−1 with 3 
wt. % of CNT loading.  
In addition to TPU composites and nanocomposites, many studies on TPU foams have been 
reported. Nemat et al. [11] studied microcellular TPU foams by using butane as the blowing agent. 
It was demonstrated that the plasticizing effect of butane induced a wide range of HS crystalline 
domains. As a result, the presence of hard segments (HS) in the crystalline domain enhanced cell 
nucleation over a wide range of saturation temperatures ranging from 150°C to 170°C at a 
saturation pressure of 55 bar. Yeh et al. [132] studied four types of polymer foams and revealed 
that TPU foams were the most promising due to the possibility of achieving extremely high cell 
population density and small cell size. Moreover, they investigated the effect of nanoclay as a 
nucleation agent on the TPU foams’ morphology. 
However, limited research has been conducted to develop conformable multifunctional TPU 
composite foams by taking advantage of foaming-assisted filler alignment in TPU matrices. With 
the continuous development of flexible and wearable electronics, multifunctional materials with 
good conformability represent an emerging family of engineering materials in different economic 
and industrial sectors. In this context, this research aims to investigate the foaming behaviors of 
TPU foams in order to identify appropriate processing windows that offer flexibility for 
researchers to develop multifunctional TPU composite and nanocomposite foams.  
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3 Chapter 3 
Experimental and Sample Characterization 
3.1 Materials 
Commercially available TPU (Estane® 2103-70A TPU, Lubrizol) was used as the base 
polymer. hBN platelets (PolarTherm powder grade AC6041) were purchased from Momentive 
Performance Materials Inc. Carbon dioxide (CO2) of 99.8% purity (Linde Gas Inc.) was used as 
the physical blowing agent for the batch foaming of TPU. The physical properties of TPU and 
hBN are summarized in Tables 3.1 and 3.2, respectively.  
Table 3.1.  Physical Properties of TPU 
Property Value Unit 
Density 1060 kg·m-3 
Melting temperature  171-181 °C 
Softening 
temperature  
75 °C 
Shore hardness 72 A 
 
Table 3.2. Physical Properties of hBN 
Property Value Unit 
Density 2280  kg·m-3 
In-plane thermal conductivity (𝑘 ∥) 300+ W·m-1·K-1  
Through-plane thermal conductivity (𝑘2) ~3  W·m-1·K-1  
Lateral size 6 μm  
Thickness 0.1-0.5 μm  
Specific surface area 8 m2/g  
 
3.2 Sample Preparation 
In the first set of experiments of neat polymer, TPU pellets were ground into fine powders by 
a mill freezer (SPEX SamplePrep Group, model 6770, Freezer/Mill). Particle sizes ranged from 
250 µm to 500 µm.  The TPU powders were then dried in a vacuum oven at 80°C for 12 hours.  
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In the second set of experiments of polymer composite, TPU pellets were first dried for at least 
4 h at 90 °C in a vacuum oven. Then TPU pellets and hBN (5, 10 and 15 vol. %) powder were 
melt-mixed at 190 °C for 5 min at 75 rpm using a compounder (HAAKE™ MiniCTW Micro-
Conical Twin Screw).  The extruded material was cooled in a water bath and cut into small pellets. 
Prior to compression molding, calculated amounts of TPU-hBN batch were dried again for 4 h at 
90 °C in a vacuum oven.  
The materials were then compression-molded into circular disc samples of 120 mm in diameter 
and 500 µm in thickness by the following procedures.  
STEP 1. TPU powders were charged into a circular disc mold and loaded into a compression 
molding machine (Craver Press, 4386 CH) preset at 210°C. 
STEP 2. The sample and the mold were equilibrated at the preset temperature for 1 min 
while contacting the heating platens to completely melt the TPU powders. 
STEP 3. The sample and the mold were pressurized gradually to 30 MPa to compression 
mold the materials into thin-disc samples.  
STEP 4. The heaters of the compression molding machine were turned off the samples while 
the molded sample was solidified under pressure. 
 
Figure 3.1. Procedures of sample preparation 
+ 
TPU pellets hBN 
Melt blending 
MiniCTW Micro-Conical Twin Screw  Pelletizing Compression molding Thickness: 0.5 mm 
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3.3 Batch Foaming of TPU-hBN Composite Using Supercritical CO2 
The fabrication of TPU foams was performed by carbon dioxide (CO2) foaming. All samples 
were pre-cut into square-shaped samples of 2 cm by 2 cm before being foamed. First, the samples 
were loaded into a high pressure/high temperature vessel. Once the vessel was heated to the preset 
temperature, it was then saturated with CO2 at elevated pressure and temperature for one hour. The 
saturation time had been selected to ensure sufficient time to saturate the TPU with CO2. After 
that, the pressure of the vessel was rapidly decreased by releasing the CO2 from the vessel. This 
would lead to thermodynamic instability in the saturated sample. The cell structure of foamed TPU 
was stabilized by submerging it in an ice bath. The schematic of experimental setup is shown in 
Figure 3.2.  The key parameters used in the foaming experiments are summarized in Table 3.3. 
 
Figure 3.2. Schematic of The Experimental Setup 
CO2 
Syringe Pump Foaming Chamber Temperature Controller 
Polymer Sample Saturated with CO2 
Ice Bath 
Polymer Foam Stabilized in Ice Bath 
Pressure Release Valve 
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Table 3.3. Parameters in Foaming Experiments 
Variable Value Unit 
Saturation Pressure 1200, 1600, 2000 psi 
Saturation Time 1 hr 
Foaming Temp. 20, 40, 60, 80, 100, 120 °C 
 
3.4 Sample Characterization 
The apparent density of TPU foam samples were determined in accordance to ASTM D792. 
After measuring their weights in air and in water, the apparent density (ρ) and the volume 
expansion ratio (∅) can be determined by Equations (1) and (2), respectively. 
𝜌 = 𝑚?@A.𝜌B?CDA𝑚?@A − 𝑚B?CDA  (1) 
where ρ is the apparent density of a sample, mair and mwater are the sample’s weights measured in 
air and water, respectively, and ρwater is the density of water. 
∅ = 𝜌F𝜌G	 (2) 
where ρs and ρf are the densities of solid and the foam samples. 
The foam morphology of TPU-hBN foams was characterized by scanning electron microscopy 
(FEI Company Quanta 3D FEG). The cross-sections of all samples were exposed by cryofracturing 
the samples in liquid nitrogen. The fractured surfaces were sputter-coated with gold (Denton 
Vacuum, Desk V Sputter Coater). The cell size and cell population density were obtained by 
analyzing the SEM micrographs of the foams. The cell population density (N0) with respect to the 
unfoamed volume was determined by Equation (3). 
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𝑁° = J𝑛𝑀M𝐴 O × ∅ (3) 
where n is the number of cells in the SEM micrograph, M is the magnification factor, and A is the 
area of the micrograph.  
The effective thermal conductivity (keff) of TPU-hBN composite and its foams was measured 
with a thermal conductivity analyzer (C-Therm Technologies Ltd., Tci Thermal Conductivity 
Analyzer). 
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4 Chapter 4 
CO2 Foaming of Thermoplastic Polyurethane: From 
Crystallization to Foam Morphology 
 
4.1 Introduction 
Thermoplastic polyurethanes (TPUs) are unique polymeric materials with a wide range of 
physical and chemical properties [138]. This versatile polymer can be used in different applications 
either as a soft engineering plastic or as a replacement for hard rubber. TPU is well-known for 
such outstanding properties as high elongation and tensile strength, elasticity and, to varying 
degrees, its ability to resist oil, grease, solvents, chemicals and abrasion. These characteristics 
make TPU extremely popular across a range of applications including automotive instrument 
panels, caster wheels, power tools, sporting goods, medical devices, drive belts, footwear, 
inflatable rafts, and a variety of extruded film, sheet and profile applications. TPUs are linear, 
block copolymers consisting of alternating sequences of hard and soft segments. The soft segment 
can either be a polyether or polyester type, depending on the application. For example, a polyether-
based TPU is generally used in wet environments while oil and hydrocarbon resistance require a 
polyester-based TPU. The hard segments are isocyanates and can be classified as either aliphatic 
or aromatic depending on the type of isocyanate. For even greater utility, the proportion of hard 
and soft segments can be manipulated to produce a wide range of hardness. The flexible amorphous 
soft domains influence the elastic nature of TPU while the rigid semi-crystalline hard domains 
influence elastic modulus, hardness, tear strength and melt processing [95]. Therefore, a greater 
ratio of hard to soft segments will result in a more rigid TPU.  
One of the interesting research areas of TPU is in the fabrication of its foams. Nemat et al. [11] 
successfully produced microcellular TPU foams by using butane as the blowing agent. It was 
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shown that the plasticizing effect of butane induced a wide range of HS crystalline domains. These 
HS crystalline domains enhanced heterogeneous cell nucleation and resulted in foams with small 
cell size (2.5 – 40µm) and high cell density (108 – 1011 cells/cm3) over a wide range of foaming 
conditions. Michaeli et al. [12] examined the correlations between the processing parameters and 
CO2 solubility in TPU. It was observed that increasing the screw speed during foam extrusion 
would reduce the solubility of CO2 in TPU. Yeh et al. [132] studied four types of polymer foams 
and found that TPU foams was the most promising type due to the possibility of achieving 
extremely high cell population density and small cell size. Moreover, they confirmed the presence 
of nanoclay would positively influence the TPU foams’ morphology. With continuous 
development of flexible and wearable electronics, multifunctional materials with good 
conformability represent an emerging family of engineering materials in different economic 
sectors.  
Various studies have also focused on the application of foaming to induce filler alignment in 
the polymer matrix [53][72][140]. Ding et al. [72] demonstrated that foaming-assisted filler 
alignment and networking enhance the thermal conductivity of polymer-hexagonal boron nitride 
material systems. Similarly, Yan et al. [141] fabricated electrically conductive PU foams with a 
low electrical percolation threshold (i.e., only 1.2 wt.% CNT loading). This was attributed to the 
enhancement of establishing electrically conductive pathways due to the localization and 
alignment of CNT along the cell walls.  Ling et al. [137] recently fabricated lightweight 
polyetherimide (PEI) nanocomposite foams with enhanced EMI shielding performance. It was also 
observed that microcellular foaming assisted the alignment of graphene along the cell walls. This 
facilitated the formation of electrically conductive graphene networks at very low graphene 
loadings (i.e., 0.18 vol. %). Okamoto et al. [53] showed that foaming-induced biaxial flow would 
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enhance clay particles’ alignment along the cell boundary in a polypropylene matrix. Moreover, 
the reinforced cell walls would suppress cell rupture. Nam et al. [140] also produced 
polypropylene-clay nanocomposite foams via batch foaming with clay particles aligned along the 
cell walls.    
The aim of this work is to investigate the effects of CO2 foaming conditions on the crystalline 
structures and the foam morphologies of TPU.  It also aims to elucidate the interrelationship 
between TPU crystallization and foaming. While TPU foams generally yield extremely high cell 
population density and small cell sizes, it is important to identify processing conditions that can 
yield a wide range of cell morphologies. The outcomes can provide insights for researchers and 
manufacturers to tailor TPU’s foam structure to meet different needs. In the long run, the concepts 
can be extended to fabricate multifunctional TPU composite and nanocomposite foams with 
enhanced properties. 
4.2 Results and Discussion 
4.2.1 Effect of CO2 on Crystallization Behaviors of TPU 
Figure 4.1 shows the DSC thermograms of the compression-molded TPU sample and those 
saturated with CO2 at 100°C and different saturation pressures (i.e. 1200 psi to 2000 psi) but 
without foaming. Table 4.1 summarizes the characteristic properties of the melting peaks in all 
samples. All samples showed broad melting peaks, which suggested the existence of polydisperse 
HS crystalline structures in them.  The melting temperatures of crystallites formed by the HS 
chains depend on their degrees of perfection. The crystallites with lower degrees of perfection melt 
at a lower temperature (i.e., Tm-low) while those with higher degrees of perfection melt at a higher 
temperature (i.e., Tm-high). As indicated in Figure 4.1, the TPU samples saturated with CO2 showed 
lower onset temperatures (i.e. Tonset ~116°C to 118°C) in their melting peaks and larger total areas 
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under the melting peaks than the compression molded TPU sample without undergoing CO2 
saturation. This trend was more pronounced as the saturation pressure increased from 1200 psi to 
2000 psi. Moreover, after annealing the TPU under CO2, double melting peaks, with Tm-low at 
around 127°C to 129°C and Tm-high at around 159°C, were observed in the DSC endotherms. Such 
double peaks were absent in the endotherms of the compression molded TPU without undergoing 
annealing. Although saturating TPU by CO2 did not deviate its Tm-high, it must be noted that higher 
saturation pressures resulted in a more prominent melting peak at Tm-high.   
 
Figure 4.1. DSC Thermogram of a Compression-Molded TPU Sample 
 
Table 4.1. Effects of Annealing under CO2 (at 100°C) on TPU’s Thermal Properties 
Saturation 
Pressure (psi) 
ΔHfusion (J/g) Tm-onset (°C) Tm-low (°C) Tm-high (°C) 
w/o annealing 3.6 123.7 - 159.1 
1200 4.2 115.8 126.6 159.6 
1600 5.2 116.2 127.0 159.2 
2000 5.4 118.3 129.3 158.8 
 
For TPU samples saturated with CO2, the plasticizing effect promoted molecular chain 
mobility, and thereby enhanced HS flexibility. This would facilitate the formation of loosely 
packed crystallites in regions where crystallite structures were absent before the saturation of CO2. 
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The presence of these low perfection crystallites was evidenced by the presence of a new melting 
peak at the lower temperature range (i.e., Tm-low) as well as an increase in the area under the lower 
temperature range of the broad melting peaks. Moreover, the more identifiable melting peaks at 
high temperatures in the endotherms of the annealed TPU samples could be attributed to the 
presence of high perfection crystallites. The increases in the amounts of these high perfection 
crystallites were also facilitated by the CO2 enhanced HS chain mobility.  
The onset of the broad melting peak of the annealed TPU sample, regardless of the saturation 
pressure, was at approximately 116°C - 118°C. With the presence of CO2 during foaming, the 
initial CO2 saturation stage served as an annealing step that would influence the crystallization 
behaviors of TPU. Furthermore, the broad melting peaks would also shift to lower temperatures 
due to the plasticizing effect of CO2 [142]. The degree of peak shifting would be more pronounced 
at higher saturation pressure. Furthermore, the broad melting peaks spanned over the range of 
foaming temperatures being investigated in this study. Therefore, it was anticipated that the CO2-
influenced TPU crystal structures would affect the foaming behaviors and thereby the foam 
morphology of TPU. It would in turn affect the potential processing windows to manufacture TPU 
foams with specific morphology. Furthermore, researchers have investigated how foaming-
assisted filler alignment and networking would enhance the multifunctional properties, such as 
electrical conductivity [141][137] and thermal conductivity [72], of polymer composites and 
nanocomposites. The elucidation of the processing-to-structure properties of TPU foams would 
also provide critical information to fabricate TPU composite and nanocomposite foams with the 
appropriate foam morphology to tailor the filler networking within polymer matrices. 
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4.2.2 Effects of Processing Conditions on TPU Foams’ Volume Expansion 
Parametric studies were conducted to investigate the effect of saturation pressure (i.e. 1200, 
1600, and 2000 psi) and that of foaming temperature (i.e. 40, 60, 80, 100, and 120°C) on the 
volume expansion of TPU foams. Figures 4.2(a) through (c) show the changes in the volume 
expansion ratios of TPU foams over time after the batch foaming process. Regardless of the 
saturation pressure, TPU foams prepared at 100°C or below shrank dramatically over the first hour 
and changed only negligibly thereafter, following the physical foaming process. In contrast, the 
volume expansion ratios of TPU foams prepared at 120°C were virtually unchanged over time. 
Moreover, lower foaming temperatures resulted in more prominent foam’s volume reduction over 
time. The reduction in TPU foam’s volume expansion ratio over time could be attributed to the 
elastic recovery, which is due to the physical cross-links among the rigid segments and presence 
of the flexible segments in the thermoplastic elastomer. At lower foaming temperatures (i.e. 100°C 
or below), the TPU molecular chains had limited mobility, leading to a higher degree of volume 
recovery after foam expansion. At the higher foaming temperature (i.e. 120°C) together with the 
plasticizing effect of CO2, there was improved mobility of molecular chains around expanding 
cells. This in turn resulted in a more dimensionally stable foam structure. 
The volume expansion ratios of TPU foams prepared under different processing conditions 
were measured after leaving them under ambient conditions for 24 hours and are plotted in Figure 
4.3. Regardless of the saturation pressure, the typical mound-shaped curves were observed [53]. 
As the temperature increased from 40°C to 100°C, the elevated temperature caused a higher degree 
of crystal melting. As a result, the thermal energy promoted the flexibility of the soft segment (SS), 
and thereby enhanced the expansion of TPU. However, when the foaming temperature further 
increased to 120°C, the excessive loss of a blowing agent at an elevated temperature contributed 
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to the decrease in TPU foam’s volume expansion ratio. This observation is consistent with the 
typical observation in extrusion foaming of thermoplastic [142]. 
 
 
Figure 4.2. Changes in TPU Foam’s Volume Expansion Ratio over Time under Ambient 
Conditions (Saturation Pressure: (a) 1200 psi; (b) 1600 psi; and (c) 2000 psi) 
4.2.3 Effects of Processing Conditions on TPU Foams’ Morphology 
In order to elucidate the effects of processing conditions on TPU’s foaming behaviors, the 
foam morphologies of TPU foams were analyzed using SEM. Figures 4.4 - 4.6 illustrate the SEM 
micrographs of the cryo-fractured cross-sections of TPU foams fabricated at different 
combinations of saturation pressure and temperature. It can be observed that the processing 
window to fabricate uniform TPU foams was wide. In general, a higher saturation pressure, which 
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helped to dissolve a larger amount of CO2 in the TPU matrix, resulted in a higher degree of 
thermodynamic instability during the rapid depressurization process. Therefore, a higher cell 
population density and more uniform cell morphology were achieved as the saturation pressure 
increased from 1200 psi to 2000 psi. Increasing the foaming temperature also showed positive 
effects on promoting cell population density and cell size uniformity.  This could be attributed to 
the increase of TPU molecular chain mobility and suppression of elastic recovery after foam 
expansion. However, when foaming temperature was higher than an optimal level, cell coalescence 
(e.g. Figure 4.4(e)) or cell collapse (e.g. Figure 4.5(e)) started to occur. These negatively affected 
the cell morphology of the TPU foams. The aforementioned gradual temperature dependence of 
TPU’s foam morphology was evidenced in the SEM micrographs of all TPU foams, except that 
there was an abrupt morphological change in foams fabricated at a saturation pressure of 1200 psi 
when the foaming temperature increased to 100°C or higher.  
 
Figure 4.3. Effect of Foaming Temperature and Pressure on TPU Foam’s Volume Expansion 
In particular, Figures 4.4(c) - (e) reveal TPU foams prepared at 1200 psi had their average cell 
size increase significantly from around 40 μm, by more than 400%, to over 160 μm. The cell 
population density also exhibited a dramatic decrease. These observed changes in cell population 
density and cell sizes suggest that a significantly reduced cell nucleating power occurred when the 
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foaming temperature changed from 80°C to 100° and above for TPU foams fabricated at a 
saturation pressure of 1200 psi. Cell nucleation during polymeric foaming requires CO2 molecules 
to form nuclei that can overcome a free energy barrier in order to expand spontaneously. Such a 
free energy barrier is lower if a bubble nucleates heterogeneously (i.e. on the surface of a second 
phase such as additives or discontinuous phases) instead of homogeneously (i.e. in the bulk phase 
of the TPU-CO2 mixture). In addition, the generation of local stress during bubble expansion in 
proximity of an additive particle or at the boundary of discontinuous phases [143] would also 
increase the degree of supersaturation and thereby enhance cell nucleation. In this context, the 
presence of crystalline structures in TPU matrices would promote cell nucleation through the same 
mechanism. The anticipated evolution of the HS crystalline phases during the CO2 saturation stage 
at an elevated temperature would significantly influence the TPU’s foam morphology. 
 
Figure 4.4. SEM Micrographs of TPU Foams Prepared at 1200 psi and Different Foaming 
Temperatures: (a) 40°C; (b) 60°C; (c) 80°C; (d) 100°C; and (e) 120°C 
 
Figure 4.5. SEM Micrographs of TPU Foams Prepared at 1600 psi and Different Foaming 
Temperatures: (a) 40°C; (b) 60°C; (c) 80°C; (d) 100°C; and (e) 120°C 
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Figure 4.6. SEM Micrographs of TPU Foams Prepared at 2000 psi and Different Foaming 
Temperatures: (a) 40°C; (b) 60°C; (c) 80°C; (d) 100°C; and (e) 120°C 
 Figures 4.7 and 4.8 plot the cell population density with respect to the unfoamed volume and 
the average cell size, respectively, of the TPU foams fabricated at different foaming temperatures 
and saturation pressures. As expected, TPU foams prepared at higher saturation pressures resulted 
in more but smaller cells. This was caused by the surged nucleating power with increased CO2 
content within the polymer matrix.  
Experimental results revealed that cell population density increased when the foaming 
temperature slightly increased from 40°C to 60°C, but it decreased when the foaming temperature 
continued to increase. However, the sensitivity of the cell population density on varying foaming 
temperatures was more pronounced when the TPU foamed at a lower saturation pressure, 
especially at 1200 psi. In contrast, the average cell size increased with foaming temperatures from 
40°C to 100°C at all saturation pressures, with the effect being more dramatic again for the foams 
prepared at 1200 psi. When the foaming temperature further increased to 120°C, the average cell 
size decreased. As the foaming temperature increased, the increase in CO2 diffusivity would 
promote the cell expansion. However, as the temperature continued to increase, the excessive gas 
loss to the surrounding environment would eventually lead to smaller cell sizes. 
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Figure 4.7. Effect of Foaming Temperature and Pressure on TPU Foam’s Cell Population 
Density 
 
 
Figure 4.8. Effect of Foaming Temperature and Pressure on TPU Foam’s Average Cell Size 
In the TPU-CO2 system, the mobility of HS chains within the crystalline domains was 
enhanced due to the plasticizing effect of CO2 on the TPU matrix [11]. As the saturation pressure 
increased, the amount of HS crystalline domains would be promoted. This led to the release of 
CO2 into the surrounding area and increased the degree of supersaturation within the proximity 
around the crystals for nucleation. Furthermore, the local stress fluctuation caused by the restricted 
molecular chain mobility in the soft segments of TPU would also contribute to the surge in 
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nucleating power of the polymer-gas system [11]. During the CO2 foaming process, there are two 
competing phenomenon that would influence the crystal structure. On the one hand, the 
plasticizing effect of dissolved CO2 would enhance the HS chain mobility, leading to a suppression 
of melting temperature that spanned a broad range as indicated in Figure 4.1. Therefore, the 
elevated temperature would melt the crystalline domains with lower degrees of perfection (i.e. 
with lower melting points). This would lead to a decrease in the number density of heterogeneous 
nucleating sites in the matrix. On the other hand, as shown in Figure 4.1, the presence of CO2 also 
increased the amount of crystal with a higher degree of perfection (i.e. with a higher melting point), 
and that would in turn increase the number density of heterogeneous nucleating sites in the matrix.  
At higher saturation pressures (i.e. 1600 psi and 2000 psi), the latter phenomena occurred at a high 
level that was sufficient to compensate the melting of low perfection crystals. Therefore, increasing 
the foaming temperature did not suppress the nucleating power of the TPU-CO2 system. However, 
when the saturation pressure was 1200 psi, the relatively lower level of plasticizing effect caused 
by smaller amount of dissolved CO2 was insufficient to compensate melting the HS crystalline 
domains. This led to a decrease in the number density of heterogeneous nucleating sites in the 
matrix, and thereby resulted in a dramatic decrease in TPU foam’s cell population density as the 
foaming temperature increased beyond 80°C. 
Overall, this work demonstrated that higher saturation pressures would yield a wide processing 
window to fabricate TPU foams with uniformly distributed fine cells. This is desirable for a wide 
range of applications such as lightweight structural applications. At the other end of the spectrum, 
if the goal is to expand the functions of TPU foams by embedding functional fillers (e.g. nanotubes 
or hexagonal boron nitride) in the TPU matrix, bubble expansion during foaming can assist both 
the alignment and alter the networking of these functional fillers along the cell wall. In this context, 
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a uniform distribution of fine cells structure may not be the ideal morphology. In contrast, foaming 
TPU at a lower saturation pressure (e.g. 1200 psi) and fine tuning the foaming temperature to 
achieve an appropriate level of bubble expansion would be beneficial to filler alignment and 
thereby enhance TPU’s multifunctional properties (e.g. mechanical, thermal, and electrical). 
4.3 Conclusions 
This phase reports the fabrication of TPU foams by batch foaming using supercritical carbon 
dioxide (CO2). The effects of foaming temperature and saturation pressure on TPU’s 
crystallization and foaming behaviors were studied. It was found that the enhanced crystallization 
during the CO2 saturation stage of the batch foaming process could significantly influence TPU’s 
foaming behavior. Morphologies of TPU foams prepared at lower saturation pressures (i.e. 1200 
psi) and those at higher saturation pressures (i.e. 1600 psi and 2000 psi) were very different due to 
the variation in TPU’s crystallization behaviors under different processing conditions. It is 
important to note that the HS crystals in TPU served as heterogeneous nucleating sites to promote 
its cell nucleating power. As the melting of TPU crystals spanned a wide range of temperatures, 
varying the foaming temperature would allow the tuning of the number of these heterogeneous 
nucleating sites. In other words, the elucidation of this mechanism would provide insights to 
developing new processing strategies to fabricated TPU foams with desired morphologies. On the 
one hand, a high supersaturation pressure will be used to fabricate TPU foams with uniformly 
distributed fine cells, while on the other hand, a lower saturation pressure would yield a strong 
dependence of bubble expansion to varying foaming temperatures. Such a processing window 
provides more flexibility for researchers or manufacturers to identify the optimal cell size, through 
foaming-assisted filler alignment, to promote specific multifunctional properties of TPU 
composite or nanocomposite foams. 
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5 Chapter 5 
Parametric Study of Foam Morphology on Polymer Composite 
Foam’s keff 
 
5.1 Introduction 
The effects of foaming temperature and pressure on TPU foam’s morphology were studied in 
Chapter 4. It was found that the foaming behaviours at a lower saturation pressure (i.e. 1200 psi) 
and those at higher saturation pressures (i.e. 1600 psi and 2000 psi) were different due to the 
variation in crystallization behaviors of TPU under different processing conditions. In particular, 
a lower saturation pressure yields higher sensitivity of cell expansion to varying foaming 
temperatures. This suggests that foaming-assisted filler alignment in TPU composite foams would 
benefit from being conducted in such processing windows as it would provide researchers more 
flexibility to identify the optimal cell size to promote specific multifunctional properties of TPU 
composite or nanocomposite foams. However, in some cases, specific alignment has not been 
observed, but foaming would help to create a better thermal conductivity network. In this context, 
an experimental study was conducted using TPU-hexagonal boron nitride (hBN) composite foams 
by batch foaming as a case example.  
5.2  Results and Discussion 
 
5.2.1 hBN dispersion in TPU matrix 
Figure 5.1 shows the SEM micrographs of TPU-hBN composites with different hBN contents. 
The uniform dispersion of hBN platelets can be clearly seen in all the blends. According to the 
analyses conducted using the Image J software, the lateral sizes of hBN platelets were 
 
 
53 
approximately 5-6 microns. Moreover, hBN platelets started network formation with hBN content 
increasing in the TPU matrix. 
 
Figure 5.1. SEM Micrographs of TPU/hBN Composite with Different hBN Loadings:  
(a) 5 vol. %; (b) 10 vol. %; (c) 15 vol. %; and (d) 20 vol. % 
5.2.2 Effect of Processing Conditions on Foaming Behaviors of TPU-hBN Composite 
Figures 5.2(a) - (c) show the changes in the volume expansion ratios of TPU-hBN foams over 
time after the batch foaming process. Regardless of the saturation pressure, TPU-hBN foams 
prepared at lower temperatures (i.e. 20 and 40°C) shrank dramatically over the first hour but 
changed negligibly afterward, following the physical foaming process. In contrast, the volume 
expansion ratios of TPU foams prepared at 60°C or higher were virtually unchanged over time. 
This phenomenon was similar to changes in the volume expansion ratio of neat TPU foams.  As 
discussed in the previous chapter, this diametrical reduction in TPU foam’s volume expansion 
ratio over time could be attributed to the elastic recovery, which was due to the physical cross-
links among the rigid segments and presence of the flexible segments in the thermoplastic 
elastomer. At lower foaming temperatures (i.e. 20 and 40°C), the TPU molecular chains had 
limited mobility, leading to a higher degree of volume recovery after foam expansion. At higher 
foaming temperatures (i.e. 60°C or higher) together with the plasticizing effect of CO2, there was 
improved mobility of molecular chains around expanding cells. This, in turn, resulted in a more 
dimensionally stable foam structure. 
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Figure 5.2. Effect of Foaming Temperature on the Change in TPU-hBN Composite Foam’s 
Volume Expansion Ratio Under Ambient Conditions (Saturation Pressure:  
(a) 1200 psi; (b) 1600 psi; and (c) 2000 psi) 
Figure 5.3 shows the volume expansion ratio of TPU-hBN composites fabricated at different 
pressures and different temperatures measured after leaving them under ambient conditions for 24 
hours. Regardless of the saturation pressure, it can be observed that there is an optimal temperature 
to get the highest volume expansion ratio of TPU-hBN composite foams (i.e. 60°C). However, the 
optimal temperature of TPU foams’ morphology prepared at a saturation pressure of 2000 psi 
shifted to a higher temperature (i.e. 80°C).  This is due to higher nucleation power and lower gas 
loss at higher saturation pressures compared to lower saturation pressures. 
As the temperature increased from 20°C to 60°C, the elevated temperature caused greater 
flexibility of polymer matrix, which resulted in the expansion of TPU. However, when the foaming 
temperature further increased to 80°C, the excessive loss of a blowing agent at an elevated 
temperature contributed to the decrease in TPU-hBN foam’s volume expansion ratio. Such 
observation was similar to the typical observation in neat TPU foams. 
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Figure 5.3. Effect of Foaming Temperature and Saturation Pressure on TPU-hBN Composite 
Foam’s Volume Expansion 
Parametric studies were conducted on various key processing parameters that govern the 
foaming process, including the saturation pressure (i.e. 1200, 1600, and 2000 psi) and foaming 
temperatures (i.e. 20, 40, 60, 80, 100, and 120°C). Figures 5.4 - 5.6 show the SEM micrographs of 
the foam morphology of TPU-hBN composite foams fabricated at different combinations of 
saturation pressure and temperature. Regardless of the saturation pressure, it can be observed that 
there was an optimal temperature at which to promote the cell size of the TPU-hBN composite 
foams. Furthermore, it is also apparent that the optimal temperature of TPU foams’ morphology 
prepared at a saturation pressure of 2000 psi was different from those fabricated at lower saturation 
pressures. As expected, at a higher saturation pressure, the higher solubility of CO2 would result 
in smaller cell size and higher cell density, as shown in Figures 5.7 and 5.8. 
 
Figure 5.4. SEM Micrographs of TPU-hBN Foams Prepared at 1200 psi and Different Foaming 
Temperatures: (a) 20°C (b) 40°C; (c) 60°C; (d) 80°C; and (e) 100°C 
(a) (b) (c) (d) (e) 
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Figure 5.5. SEM Micrographs of TPU-hBN Foams Prepared at 1600 psi and Different Foaming 
Temperatures: (a) 20°C (b) 40°C; (c) 60°C; (d) 80°C; and (e) 100°C 
 
 
Figure 5.6. SEM Micrographs of TPU-hBN Foams Prepared at 2000 psi and Different Foaming 
Temperatures: (a) 20°C (b) 40°C; (c) 60°C; (d) 80°C; and (e) 100°C 
By increasing the foaming temperature, molecular chain mobility increased.  This resulted in 
a higher cell population density as shown in Figure 5.7. However, when the foaming temperature 
was higher than an optimal level, cell density decreased due to excessive gas loss. The 
aforementioned gradual temperature dependence of TPU’s foam morphology was evidenced in the 
SEM micrographs of all TPU-hBN foams, except that the optimal temperature to get the highest 
cell population density was different for foams fabricated at a saturation pressure of 2000 psi (i.e. 
80°C). 
The average cell sizes of TPU-hBN composite foamed at various temperatures and pressures 
are shown in Figure 5.8. As can be observed, the cell sizes of TPU-hBN composite foams 
fabricated at 1200 psi and 1600 psi increased by increasing the temperature from 20°C to 60°C. 
When the foaming temperature further increased to 100°C, the average cell size decreased. As the 
foaming temperature increased, the increase in CO2 diffusivity would promote cell expansion. 
(a) (b) (c) (d) (e) 
(a) (b) (c) (d) (e) 
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However, as the temperature continued to increase, the excessive gas loss to the surrounding 
environment would eventually lead to smaller cell sizes. However, the optimal temperature to 
promote the cell size for foams fabricated at 2000 psi was different from the others at lower 
saturation pressures (i.e. 80°C). In general, the cell size was considerably suppressed by adding 
hBN to TPU. It could be attributed to the rigidity of hBN which resulted in decreasing TPU 
flexibility. 
 
Figure 5.7. Effect of Foaming Temperature and Pressure on TPU-hBN Foam’s Cell Population 
Density 
 
Figure 5.8. Effect of Foaming Temperature and Pressure on TPU-hBN Foam’s Cell Population 
Density 
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5.2.3 Effect of Foaming Process on TPU-hBN Composite’s keff 
Figure 5.9 plots thermal conductivities as a function of filler loading. As hBN loading 
gradually increase, hBN platelets are able to interconnect and form a conductive network in the 
TPU matrix. This is more pronounced when the hBN loading increases to 15 vol.% or above. As 
can be seen in Figure 5.9, at very low filler loading (5-10 vol.%), there is low enhancement in 
composite’s keff. At low hBN loading, the population density of hBN platelets is insufficient to 
establish a thermally conductive network in the TPU matrix. However, hBN platelets are able to 
form an interconnected network in the TPU matrix at a high hBN loading.  A higher filler loading 
compromises low density, good processing ability, low cost, and flexibility. Since 15 vol.% hBN 
was the lowest loading that demonstrate obvious filler-to-filler interaction in SEM micrographs, 
this is used as the base case to evaluate the feasibility and effectiveness of foaming-assisted filler 
alignment to promote composite’s k, especially with low filler loadings.  
As aforementioned, foaming has the potential to align the filler along the cell walls to achieve 
better thermal conductivity. To further investigate the effect of foam morphology on TPU-hBN 
foam’s keff, various foaming conditions were applied. Figure 5.10 shows the plot of keff as a 
function of temperature at different saturation pressures. Regardless of saturation pressure, the 
highest effective thermal conductivity was achieved at 20°C and 40°C. As discussed earlier, at 
these lower foaming temperatures, there is a dramatic decrease in TPU-hBN foam’s volume 
expansion ratio over the first hour and a negligible change thereafter. This suggests that initial 
expansion at those lower temperatures improve thermal conductivity of the composite by forming 
a more interconnected thermal conductivity network, as shown in Figure 5.11. The initial 
expansion helps to enhance thermal conductivity network. Furthermore, elastic recovery at a lower 
saturation temperature results in lower volume expansion ratio and smaller cell sizes which 
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minimizes the thermal insulating of cells as shown in Figure 5.12. Moreover, elastic recovery 
makes the filler more connected and creates a better interconnected network. 
 
 
Figure 5.9. Effect of hBN Content on the keff of TPU-hBN composites 
Figure 5.10 shows the foam structure of TPU-hBN composite fabricated at 1600psi and 
different saturation temperatures (i.e. 20, 60, and 80°C). TPU-hBN composite foam fabricated at 
lower saturation temperatures (i.e. 20 and 40°C) yielded better keff than those prepared at higher 
saturation temperatures due to initial expansion and elastic recovery. In contrast, samples showed 
a lowest keff at 60°C due to a high number of cells which act as insulators. 
 
Figure 5.10. Effect of Foaming Temperature and Pressure on TPU-hBN Foam’s keff 
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Figure 5.11. SEM Micrographs of Representative TPU-hBN Composite Foams Fabricated at 
Foaming Temperature and Pressure of (a) 20°C & 1600 psi; (b) 60°C & 1600 psi; and (c) 100°C 
& 1600 psi 
Figure 5.13 shows the schematic of creating thermal conductivity paths by initial expansion of 
TPU-hBN composite foams. The initial expansion pushed the fillers in some way to create thermal 
conductivity paths. Then, TPU-hBN foam shrank dramatically over the first hour which led to 
smaller cells and diminished the insulating effect of cells. Moreover, it helped fillers to get closer 
and interconnected. Therefore, thermal conductivity of TPU-hBN foams prepared at the lower 
saturation temperatures was greater. 
   
Figure 5.12. SEM Micrographs of TPU-hBN Foam Prepared at 1600 psi and 40°C 
 
Thermal Conductivity Path 
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Figure 5.14 shows SEM micrographs of composite solid sample and foam sample fabricated 
at 100°C. In the solid sample, hBN platelets are more horizontal. At a higher saturation temperature 
(i.e. 100°C) mobility of molecular chains is enhanced due to the higher plasticizing effect of CO2. 
As a result, foaming induced hBN platelets in different arrangements which resulted in better 
thermal conductivity, due to the high in-plane thermal conductivity of hBN platelets. 
 
 
 
   
Figure 5.12. SEM Micrographs of (a) TPU-hBN Solid Sample and (b) TPU-hBN Foam Prepared 
at 1600 psi and 100°C 
The effect of volume expansion ratio on TPU-hBN foam’s keff is plotted in Figure 5.14. This 
shows that the best thermal conductivities were achieved between 10% and 20% foam expansion 
which is comparable with the solid counterparts. In contrast, expanding more than 20% is 
detrimental for TPU-hBN foam’s keff. It can be observed, the best thermal conductivity is achieved 
(a) (b) 
Figure 5.13. A Schematic Illustration of Microstructuring TPU-hBN Composites Through Low 
Temperature CO2 Foaming 
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at lower temperatures which have high initial expansion and lower latter expansion. As a result, 
the initial expansion helps to establish a better interconnectivity filler network which results in 
higher thermal conductivity. 
 
Figure 5.13. Effect of volume expansion ratio on TPU-hBN foam's keff 
5.2.4 Effect of Cooling Time on TPU-hBN Composite’s keff 
The foaming structure was stabilized by immersing the samples in the ice bath for 30 seconds. 
However, at the lower temperatures, specimens started to expand more after taking them out of the 
ice bath and many big gas pockets appeared on the surface of the samples, as shown in Figures 
5.16 and 5.17.  This can be attributed to the high flexibility of the TPU matrix at this temperature 
which led to cell rupture. Therefore, by increasing the cooling time to five minutes, a better foam 
structure without any gas pockets was formed.  
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Figure 5.14. TPU-hBN Foamed at 1600 psi, 20°C and Shorter Cooling Time 
 
Figure 5.15. SEM Micrographs of TPU-hBN Foams Prepared at 1600 psi, 40°C and Shorter 
Cooling Time  
 
Figure 5.16. Effect of Cooling Time on TPU-hBN Composite’s keff 
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Figure 5.17. Effect of Cooling Time on TPU-hBN Composite’s Volume Expansion Ratio 
The effects of cooling time on TPU-hBN foam’s keff and volume expansion ratio foamed at 
2000 psi are shown in Figures 5.18 and 5.19 respectively. It is evident that samples fabricated at 
the shorter cooling time had lower thermal conductivity due to the presence of voids which act as 
thermal insulators in the polymer matrix. Therefore, by increasing the cooling time, arbitrary 
expansion and foam structure were achieved.  To further investigate the effect of cooling times on 
TPU-hBN foam’s keff, samples were fabricated at other pressures. 
 
Figure 5.18. Effect of Cooling Time on TPU-hBN Composite’s keff Fabricated at 1200 psi 
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Figure 5.19. Effect of Cooling Time on TPU-hBN Composite’s keff Fabricated at 2000 psi 
Figures 5.19 and 5.20 illustrate the effect of cooling times on TPU-hBN foam’s keff fabricated 
at 1200 psi and 1600 psi respectively. Regardless of the saturation pressure, samples fabricated 
with a longer cooling time had higher thermal conductivity due to the absence of gas pockets.  
5.3 Conclusions 
This study has successfully fabricated thermally conductive TPU-hBN composite foams with 
their effective thermal conductivity (keff) comparable to their solid counterparts. TPU foams with 
15 vol. % filler loading were investigated. The thermal conductivity of TPU foams reached as high 
as 0.63 W·m-1·K-1 which is comparable to neat TPU (i.e. 0.64 W·m-1·K-1). The effects of foam 
morphologies on the TPU foam’s keff were also investigated. It was shown that initial expansion 
at the lower temperatures led to improved thermal conductivity of the composite by forming a 
more interconnected thermal conductivity network. It also found that foaming induced fillers more 
vertically in polymer matrix at a higher temperature (i.e. 100°C) which resulted in high thermal 
conductivity. Moreover, the best thermal conductivities were achieved between 10% and 20% 
foam expansion which is comparable with their solid counterparts. In contrast, expanding more 
than 20%, which resulted in high volume fraction of thermally insulating air voids, is detrimental 
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for TPU-hBN foam’s keff.  It was found that cooling time affects TPU-hBN foam’s keff. TPU-hBN 
foams fabricated at a shorter cooling time had lower keff due to the presence of big voids. This is 
attributed to the high flexibility of the TPU matrix at this temperature, which led to cell rupture.  
In short, the findings of this research provide guidelines for researchers or manufacturers to 
design and fabricate lightweight, thermally conductive, TPU foams. Such new materials provide a 
potential way to deal with the challenges in heat management. 
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6 Chapter 6 
Conclusion and Recommendations 
 
6.1 Contribution 
With the continuous technological advancement in the electronic industries, the power density, 
and thereby the amount of heat generation, of components have surged dramatically in the past 
decades. In this context, new materials that can contribute to thermal management of these 
components are of interests by the industry. While heat sinks have been used traditionally to 
promote the heat dissipation, the industry is urging for new thermally conductive materials that 
can be integrated in the electronic packaging in order to streamline the production process as well 
as to reduce the manufacturing cost and the components’ sizes. In this context, polymeric material 
systems represent an important material family because of their existing uses in electronic 
packaging as well as the good processability.  
Thermally conductive polymer material systems have been researched and developed 
extensively by researchers and the industry. Theoretically, thermally conductive composites are 
often fabricated by adding fillers with high thermal conductivity to polymer matrices such as metal, 
ceramic, and carbon-based fillers. Recent investigations on conducting polymer composites have 
led to some important disclosures regarding accessible thermal conductivity range and trends of 
changes in the conductivity parameter with variation in the loading level [144], structure of 
polymer matrix [145], and level of filler dispersion [146]. Recently, the concept of thermally 
conductive polymer composite foams has also been investigated and they [145] represent an 
interesting family of materials for thermal management applications.  
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The main goal of my thesis is to develop a conformable thermally conductive polymer 
composite. Thermoplastic polyurethane (TPU)- hexagonal boron nitride (hBN) composites 
foamed by batch foaming were studied as a case example. Physical foaming is proposed in this 
thesis as a potential route to induce filler alignment along the cell wall, and thereby to establish a 
thermally conductive network in the material system. However, there is a critical level of cell 
expansion to perfectly align the fillers around the expanded cells and further expansion would 
break the thermally conductive network and decrease TPU foam's keff. Therefore, an understanding 
of foam morphology is critical to the rational design of improved thermally conductive TPU foams. 
First, a comprehensive experimental study was conducted to identify the foaming behaviors of 
TPU foams in order to identify appropriate processing windows that would offer flexibility to 
develop multifunctional TPU composite and nanocomposite foams. TPU foams were fabricated 
by batch foaming and subsequently be characterized. It was shown that by CO2 foaming it was 
possible to produce TPU foams at relatively low temperatures (60°C). it also found that the cell 
size and cell density range is significantly wider at lower saturation pressures to varying foaming 
temperatures. This is due to the fact that there is a difference in crystallization behaviors of TPU 
at different saturation pressures. At lower saturation pressure, specifically, there are fewer crystals 
which can act as heterogeneous nucleating sites. While TPU foams usually yield extremely high 
cell population density and small cell size, by applying the appropriate foaming conditions, we 
prepared foams with a wide range cell size from 21 to 170 µm and cell population density from 
105 to 108 pore/cm3. 
Second, these conditions have been used to investigate the foaming-assisted filler alignment in 
TPU composite and nanocomposite foams for tailoring the thermal conductivity. Thermally 
conductive thermoplastic polyurethane (TPU)-hexagonal boron nitride (hBN) composite foams 
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have been achieved with their keff comparable to their solid counterparts. The thermal conductivity 
of TPU foams reached as high as 0.63 W·m-1·K-1 which can be comparable to neat TPU (i.e. 0.64 
W·m-1·K-1). The results of this research demonstrated that initial expansion at lower temperatures 
(i.e., 20 and 40°C) lead to improve thermal conductivity of composite by forming a more 
interconnected thermal conductivity networks. The results also indicated that foaming induced 
fillers more vertically in polymer matrix at higher temperature (i.e., 100°C) which resulted in high 
thermal conductivity. Moreover, the best thermal conductivities were achieved between 10% and 
20% foam expansion which could be comparable with the solid counterparts. It was also found 
that cooling time is an effective parameter on TPU-hBN foam’s keff. TPU-hBN foams fabricated 
in a shorter cooling time had lower keff due to presence of big voids. This can be attributed to the 
high flexibility of the TPU matrix at this temperature which leads to cell rupture.   
6.2 Recommendations for Future Work 
This thesis has investigated the effect of foaming on filler alignment to enhance the thermal 
conductivity of the polymer composites. However, nanofillers tend to aggregate which results in 
failing the filler to meet its purpose. Therefore, well dispersion of the filler in polymer matrix 
enhances the formation of conductive paths, resulting in better thermal conductivity. Hence for 
future work, it would be very interesting to systematically investigate using the surface treatment 
which can improve the dispersion of the filler in the polymer matrix by enhancing the compatibility 
between the filler and the matrix. 
Another possible area of exploration, based on TPU-hBN foams generated from this research, 
is to evaluate the foam’s heat dissipating performance which is really important in heat 
management applications. This study has focused on thermal conductivity and flexibility of the 
polymer composites. However, in order to reduce any thermal stresses, packaging material should 
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have a tailorable coefficient of thermal expansion (CTE) which could be matched to substrate 
materials. Moreover, in electronic packaging applications, packaging materials should have high 
electrical resistivity. Therefore, it will be interesting to evaluate other properties such as thermal 
expansion and dielectric properties in further studies.  
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